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Strong inter-particle interactions between polaritons have traditionally stemmed from their exci-
ton component. In this work, we impart a strong photonic nonlinearity to a polaritonic mode by
embedding a nonlinear polymethine dye within a high-Q all-metal microcavity. We demonstrate
nonlinear microcavities operating in the ultrastrong coupling regime with a normalized coupling
ratio of 62%, the highest reported to date. When pumping the lower polariton branch, we observe
tunable third-harmonic generation spanning the entire visible spectrum, with internal conversion
enhancements more than three orders of magnitude larger than in bare films. Transfer matrix cal-
culations indicate that the observed enhancements are consistent with the enhanced pump electric
field.
Keywords: Third-harmonic generation, ultrastrong coupling, exciton-polaritons, microcavities, organic semi-
conductors, cavity QED.
I. INTRODUCTION
Semiconductor microcavities are natural platforms for
the study of light-matter interaction due to their abil-
ity to confine cavity photons and semiconductor exci-
tons to the same region of space.1 If their interaction
is strong enough, hybrid light-matter states are formed,
called upper (UP) and lower (LP) polaritons.2,3 They
are separated in energy by the vacuum Rabi splitting
(ΩR), which is related to the coupling strength. Much of
the interest in the strong light-matter coupling regime
stems from the broad range of nonlinear phenomena
that can be observed using polaritons, such as para-
metric scattering, amplification, bistability, soliton for-
mation and superfluidity.1,4,5 Most of these phenomena
have, however, been restricted to inorganic microcavi-
ties at low-temperatures. There, the intrinsic nonlin-
earity responsible for pairwise scattering, similar to an
optical χ(3), is strong due to the delocalized nature of
Wannier-Mott excitons. The large binding energy of or-
ganic Frenkel excitons can in principle allow for such phe-
nomena to be observed at room-temperature, but the
exciton-exciton nonlinearities inherent to Frenkel exci-
tons tend to be much weaker than in inorganics. To date,
only a handful of nonlinear processes have been observed
using organic polaritons,6–10 including room-temperature
superfluidity.11
In the limit where the exciton-photon coupling is in-
creased to a significant fraction of the uncoupled exci-
ton energy (ΩR ∼ EEX), the system enters the so-called
ultrastrong coupling regime (USC). In this regime, the
presence of non-negligible antiresonant light-matter cou-
pling terms leads to modifications of both excited and
ground state properties, a subject which is currently un-
der intense investigation.12–14 Demonstrations of USC
in organic microcavities15–17 have triggered many inter-
esting studies about its effects on observable material
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Figure 1. Real (blue) and imaginary (red) refractive index
of neat polymethine. The imaginary part has a peak value
of 1.06 at 1067 nm. Round (triangular) markers indicate the
pump (THG) wavelengths where power dependence measure-
ments were performed. The inset shows (top) the chemical
structure of the polymethine dye and counterion and (bot-
tom) a schematic of the microcavity structure.
properties,18–20 with many open questions remaining.
In this paper, we demonstrate organic microcavities
operating in the USC regime with a Rabi splitting cor-
responding to a record 62% of the uncoupled exciton
energy. The microcavities are composed of a film of
a bis(selenopyrylium)-terminated heptamethine dye (see
Fig. 1). Dyes of this type exhibit extremely large
magnitudes of the molecular third-order polarizability
in solution.21 The dye used in this study is one of
many developed in which bulky substituents on both the
chalcogenopyrylium end groups and on the polymethine
chain, along with a large counterion, are used to disrupt
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Figure 2. (a) False-color angle-dependent TM-polarized reflectivity spectrum of a 350 nm-thick microcavity. The dashed lines
show the least-squares fit to the full Hopfield Hamiltonian, yielding a Rabi splitting of ΩR = 0.707 eV and a cavity energy at
normal incidence of EC = 1.098 eV. The detuning is ∆ = EC − EEX = −64 meV. (b) Measured (red) and calculated (black)
TM-polarized 20o reflectivity spectra for regions of different thickness present on the same sample, as well as the experimental
LP quality factors. The dip below 600 nm is the UP that originates from coupling to the second-order cavity mode.
intermolecular interactions such that the solution linear
and nonlinear properties are largely preserved in high
chromophore-density films.22 We show that the result-
ing large magnitude of the third-order susceptibility χ(3)
contributes to enhancing polariton-polariton interactions
via the photonic component. This is used to demonstrate
tunable third-harmonic generation (THG) spanning the
entire visible spectrum upon resonant excitation of the
LP mode. When compared to bare films, the fabricated
microcavities show conversion efficiency enhancements of
over two orders of magnitude and even larger internal en-
hancements. The structure forms a versatile platform for
the study of nonlinear phenomena in the USC regime.
II. RESULTS AND DISCUSSION
To characterize the linear optical properties of the
polymethine dye, neat films were prepared by spin-
coating from 5-20 mg/ml dichloromethane solutions. The
refractive index obtained using ellipsometry is shown in
Fig. 1. The imaginary component shows a strong exciton
absorption maximum at 1067 nm (EEX = 1.162 eV) and
a vibronic shoulder. Note in particular the low losses in
the near-infrared part of the spectrum.
The fabricated microcavities are composed of a neat
polymethine layer surrounded by silver mirrors and are
shown schematically in the bottom inset of Fig. 1.
To improve the wetting and optical properties of the
back mirror, cleaned quartz substrates were first func-
tionalized with a monolayer of (3-mercaptopropyl)-
trimethoxysilane.23 Then, a 75 nm-thick silver mirror
was grown by thermal evaporation at a base pressure of
∼10−7 mBar. After spin-coating the polymethine film,
the structure was capped with a 35 nm top mirror. All of
the measurements were performed at room temperature.
Figure 2 (a) shows the measured angle-resolved TM-
polarized reflectivity from a 350 nm thick microcavity,
which corresponds to nearly zero detuning between the
exciton and photon energies at normal incidence. The
dashed lines correspond to a least-squares fit to the full
Hopfield Hamiltonian (see Methods),16 yielding a Rabi
splitting of ΩR = 0.707 eV. A slightly larger value of
ΩR = 0.719 eV is obtained for the TE-polarized reflectiv-
ity spectrum and the remaining fit parameters are sum-
marized in Table II.
These values correspond to 60-62% of the uncoupled
exciton energy, slightly exceeding the largest normalized
coupling ratio (ΩR/EEX) reported to date of 60% in or-
ganic microcavities.17 The large ratio observed is a conse-
quence of the high oscillator strength of the dye and the
large number density of molecules resulting from the use
of a neat film, both evidenced by the strong absorption
band shown in Fig. 1. In addition, the use of metallic
mirrors instead of dielectric ones leads to a reduced pho-
tonic mode volume. These two factors contribute to the
increased ΩR. Meanwhile, the near-infrared transition
energy leads to a smaller EEX than in previous reports.
Note that for larger cavity thicknesses, the coupling ratio
can exceed 90% in this structure.
We find that the experimental LP quality fac-
tors can exceed 100, which is considerably higher
than typical values (below 30) obtained for all-metal
microcavities.15,24,25 This is a consequence of the ma-
terial’s low linear losses and the high reflectivity of silver
in the near-infrared part of the spectrum. This is helpful
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Figure 3. (a) Calculated microcavity reflectivity spectra at normal incidence for increasing values of polymethine thickness.
The four polaritonic modes indicated by LP1/UP1 and LP2/UP2 arise due to the strong coupling of the exciton transition to
the first- and second-order cavity modes, respectively. The top box indicates the range of LP spectral positions covered by
the broad infrared pump (1250-1950 nm). The corresponding third-harmonic wavelengths are indicated by a dashed line. (b)
Experimental normalized THG spectra obtained by laterally translating the same microcavity sample.
for increasing the efficiency of nonlinear processes or, in
some cases, lowering their thresholds.26,27 Despite the in-
homogeneously broadened absorption of the dye, the LP
reflectivity spectra showed Lorentzian lineshapes char-
acteristic of homogeneous broadening, a consequence of
the large Rabi splitting compared to the inhomogeneous
linewidth.28
The LP resonance position can be readily tuned via
changes in angle of incidence or sample thickness. Our
use of high concentration solutions and of a high vapor
pressure solvent naturally leads to large-scale thickness
gradients (hundreds of microns) over the sample surface.
This allows for multiple cavity thicknesses to be probed
using a single sample. These can be easily identified ex-
perimentally due to changes in the surface color caused
by the changing position of the UP branch. Figure 2
(b) shows a collection of measured (red) and calculated
(black) TM-polarized 20o reflectivity spectra taken at dif-
ferent locations. The corresponding sample thicknesses
are indicated below the traces.
Third-harmonic generation was first studied by excit-
ing the sample with a broad IR pump spanning 1250-
1950 nm. In the experiment, a single microscope objec-
tive is used to focus the IR pump on the sample surface
and to collect the reflected third-harmonic (see Meth-
ods). Figure 3 (a) shows a calculated microcavity reflec-
tivity map, where the spectral positions of the polari-
ton modes are obtained for increasing values of cavity
thickness. The first four polaritonic modes indicated by
LP1/UP1 and LP2/UP2 correspond to strong coupling
to the first- and second-order cavity modes, respectively.
The broad pump is spectrally filtered by the thickness-
dependent LP resonance position, as shown in the top
box in Fig. 3 (a). The resonant component is coupled into
the microcavity and interacts with the high χ(3) material
to generate the third-harmonic signal. The THG wave-
lengths corresponding to the first LP branch are shown
as a dashed line in the bottom of Fig. 3 (a). Figure 3
(b) shows a series of normalized THG spectra taken by
laterally translating the sample and illustrates the tun-
ability of the THG process at normal incidence. Note
that the third-harmonic is not resonant with higher or-
der modes and only light that can leak out due to the
finite transmission of the mirrors is observed. Neverthe-
less, the generated harmonic signals were easily visible
with the naked eye through the microscope optics.
To investigate the THG power dependence as a func-
tion of wavelength, the broad IR pump was spectrally
filtered using 12 nm bandpass filters, which is slightly
narrower than the mean LP linewidth of 14 nm obtained
from Fig. 2 (b). The pump and corresponding THG
wavelengths are indicated in Fig. 1 by round and trian-
gular markers, respectively. Figure 4 shows the results
obtained for the fabricated microcavities (curves 1-3).
We observe a doubling of the conversion efficiency when
changing from 1320 nm to 1650 nm excitation. This cor-
responds to an increased THG efficiency for polaritonic
modes that are more photonic in nature, as highlighted
in Fig. 5 (a). When pumping at 1320 nm, which cor-
responds to modes with a strong exciton component, we
observed a fast irreversible decay of the THG signal due
to sample damage — a clear signature of the mode matter
content. Note, in contrast, that the linear absorption of
the bare film is negligible at this wavelength. For longer
wavelengths, no decrease in THG powers was observed
40.1 1.0
Average pump power (mW)
A
ve
ra
ge
 th
ir
d-
ha
rm
on
ic
 p
ow
er
 (W
)
10-9
10-10
10-11
10-12
10-13
10-14
2.0×10-8
1.3×10-9
1.6×10-9
1.1×10-10
Slopes = 3
P3ω/Pω 
= 1.2×10-7 
1 - Cavity (410 nm): 1650 nm
2 - Cavity (376 nm): 1550 nm
3 - Cavity (285 nm): 1320 nm
4 - Film (70 nm): 1650 nm
5 - Film (368 nm): 1650 nm
Figure 4. Measured third-harmonic powers (squares) as a
function of pump power. Red, black and blue data sets corre-
spond to microcavities pumped at 1650 nm, 1550 nm and 1320
nm, respectively. Bare polymethine films of 70 nm and 368
nm were investigated at 1650 nm and the results are shown
in purple and green, respectively. The solid lines indicate a
cubic power fit to each data set. The values at the end of
each curve correspond to their peak conversion efficiencies,
defined as P3ω/Pω. The top (bottom) gray boxes indicate the
range of calculated reflected THG powers for the microcavity
(bare films) shown in Fig. 5. The pump spot had a FWHM
of 1.5 µm.
for up to an hour of measurement.
The values at the end of each curve correspond to the
peak power conversion efficiencies, defined as P3ω/Pω.
In all cases, the THG wavelength was not resonant with
the higher order upper polariton modes and was not effi-
ciently extracted from the microcavity. Nonetheless, the
high experimental conversion efficiencies for the micro-
cavities were comparable to those of other systems that
required patterning or considerably thicker films.29–31
For comparison, THG from bare polymethine films of
different thicknesses are shown in Fig. 4 (curves 4-5). The
368 nm-thick film (curve 5) is of comparable thickness to
the microcavities and allows for an accurate estimate of
the conversion enhancements. Table I shows the fit coef-
ficients C obtained by fitting each data set with a cubic
power dependence of the form P3ω = C × Pω3. The last
column shows the conversion enhancements with respect
to the 368 nm-thick film. At the wavelength of highest
conversion efficiency (1650 nm), the fabricated microcav-
ities show raw (external) THG enhancement factors of
108± 1.7 compared to the bare film. As shown in Fig. 5
(a), the internal efficiency at this wavelength is approx-
imately 50 times higher than this value due to the low
fraction of THG that is out-coupled from the cavity.
Table I. Experimental cubic fit coefficients for data sets 1-5
shown in Fig. 4 and the THG conversion enhancement with
respect to the 368 nm-thick bare film.
# C THG Enhancement
1 (254.2± 2.1)× 10−4 108.0± 1.7
2 (142.9± 2.7)× 10−4 60.7± 1.4
3 (119.7± 2.7)× 10−4 50.6± 1.3
4 (195.8± 7.4)× 10−7 –
5 (235.4± 3.2)× 10−6 –
III. SIMULATIONS
To correlate our results with the LP exciton and pho-
ton fractions at normal incidence, Fig. 5 (a) shows the
polariton modal content calculated using the full Hopfield
Hamiltonian from experimental (circles) and simulated
(squares) angle-resolved reflectivity spectra. Note that
in the USC regime, the contribution from the squared
electromagnetic vector potential leads to a blueshift of
the bare cavity photon energy and that the modal con-
tent of both components is no longer equal at zero de-
tuning, which corresponds to 1432 nm in Fig. 5 (a).12
We find that the LP branch varies from 73% to 52% ex-
citon content over the range of thicknesses used in Fig. 4
(indicated by colored arrows).
To determine the origin of the enhancement, THG was
investigated using a modified transfer matrix approach,
which includes nonlinear source terms.32–34 In this way,
the combined effects of multiple reflections and absorp-
tion at both the fundamental and third-harmonic wave-
lengths are automatically taken into account, as well as
the resonant pump enhancement and non-resonant THG
extraction factors.
Figure 5 (b) shows a map of the calculated reflected
THG powers for the fabricated microcavities as a func-
tion of cavity thickness and pump wavelength for an av-
erage input power of 1 mW. As expected, the THG map
resembles the reflectivity map shown in the boxed region
of Fig. 3 (a) because THG is only generated when the
pump is resonant with the LP branch. The colored ar-
rows indicate the experimental conditions of cavity/film
thickness and pump wavelength for the measurements in
Fig. 4. The top gray box in Fig. 4 shows the range of
calculated reflected THG powers for the microcavities.
The quantitative agreement with the experimental val-
ues is remarkable, considering that the only parameter
not known with certainty is the third-order susceptibil-
ity χ(3)(3ω;ω, ω, ω), which was kept dispersionless and
equal to the value χ(3)(ω;−ω, ω, ω) measured using the
z-scan technique.22
A similar calculation for the bare films pumped at
1650 nm is shown in the inset of Fig. 5 (b) and was
found to be less accurate for the 368 nm-thick film, with
the experimental value closer to the transmitted THG
power (not shown) instead of the reflected one. The bot-
tom gray box in Fig. 4 shows the range of calculated
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Figure 5. (a) Calculated exciton (red) and photon (blue) fractions for the first LP branch from experimental (circles) and
simulated (squares) reflectitivy data. The solid black curves show the calculated THG irradiances inside the cavity (top) and
outside in reflection (bottom). (b) Calculated reflected third-harmonic powers as a function of microcavity thickness and pump
wavelength for an average input power of 1 mW. THG is obtained when the pump is resonant with the LP mode, maintaining
the same shape as in the boxed region in Fig. 3. Inset: same calculation for a thin film on quartz pumped at 1650 nm. For the
calculations, χ(3) = −5.1× 10−19 esu (−7.12× 10−19 m2/V2), THG and pump spots with a FWHM of 1.5 µm were used. The
colored arrows in a,b indicate the experimental conditions for the measurements in Fig. 4.
reflected THG powers for the bare films. We believe
that the discrepancy stems mostly from the large angular
spread of wavevectors in the focussed pump beam, which
is not accounted for in our calculations. For microcavi-
ties, wavevectors away from the resonance condition are
naturally filtered out by the LP dispersion.
The agreement for the thinner film and microcavities
confirm that the value of χ(3) used in the calculations is
a reasonable estimate for the real one. Therefore, even
when neglecting possible resonant enhancements of χ(3)
due to the weak absorption bands in the visible part of
the spectrum, the observed THG enhancements seem to
be consistent with a purely (or at least mostly) photonic
effect, as opposed to a drastic modification of the mate-
rial’s nonlinear properties.35 Still, as compared to bare
films, microcavities offer the advantage that they require
smaller thicknesses to generate the same harmonic power.
This is a consequence of the pump electric field enhance-
ment, the reduced absorption of the generated signal and
the absence of a phase-matching requirement, with the
conversion efficiency depending instead on mode overlap,
which can be tuned by microcavity design.36
Fig. 5 (a) also shows the calculated peak THG irra-
diances inside the cavity as compared to the reflected
THG. Both curves significantly decrease towards shorter
wavelengths because of the absorption band peaked at
1067 nm. The internal THG first increases towards
longer wavelengths as losses in the mirrors are reduced
for thicker cavities. The decreasing transmission of the
front silver mirror towards longer wavelengths eventually
leads to a decrease in both the internal and reflected com-
ponents, the latter already visible in Fig. 5 (a). For this
range of wavelengths, the internal THG enhancements
are up to 56 times higher than the ones observed in re-
flection. Further calculations show that small modifica-
tions of the structure to improve out-coupling, such as
reducing the top mirror thickness or achieving a doubly-
resonant condition of the THG wavelength with an UP
branch can further increase the THG efficiency by more
than an order of magnitude.
IV. CONCLUSION
We have fabricated organic microcavities containing a
nonlinear dye operating in the USC regime and possess-
ing a normalized coupling ratio of 62%, slightly exceed-
ing the highest value ever reported.17 The combination
of the material’s low losses and the use of high reflectiv-
ity silver mirrors led to LP quality factors much higher
than conventional all-metal microcavities. The polari-
ton nonlinearity was exploited to demonstrate efficient
and tunable third-harmonic generation when the cavity
was excited resonantly with the LP branch. Although
the THG was not resonantly extracted from the micro-
cavities, conversion enhancements of up to two orders
of magnitude were obtained in comparison to bare films
and transfer matrix calculations indicate that the these
can be understood as due to the increased pump electric
field. We anticipate that this demonstration of a strong
organic polariton nonlinearity will allow for the observa-
tion of novel room-temperature nonlinear effects so far
restricted to low-temperature inorganic systems and new
phenomena unique to the USC regime.
6V. METHODS
A. Linear optical characterization
An variable-angle ellipsometer (J. A. Woollam Co.,
RC2 D+NIR) was used to obtain the thicknesses and
optical constants of the neat polymethine films, the sil-
ver mirrors and the quartz substrate. Angle-resolved re-
flectivity measurements were performed using the same
instrument with the help of focusing probes.
B. Fitting of the reflectivity data
The experimental Rabi splitting and mixing coeffi-
cients were extracted from the angle-resolved reflectivity
data by performing a least-squares fit to the eigenvalue
equation
Hˆq~vj,q = ωj,q~vj,q. (1)
Hˆq is the full Hopfield Hamiltonian given by
Hˆq =

Eph(q) + 2D V 2D V
V EEX V 0
−2D −V −Eph(q)− 2D −V
−V 0 −V −EEX
 ,
(2)
where q = (ω/c) sin θ is the in-plane wavevector, θ is
the angle of incidence, V = ΩR/2 is the interaction en-
ergy and D = V 2/EEX is the energy contribution of the
squared electromagnetic vector potential.12,16 The eigen-
vectors ~vj,q = (wj,q, xj,q, yj,q, zj,q)
T are obtained from the
polariton annihilation operators
pj,q = wj,qaq + xj,qbq + yj,qa
†
−q + zj,qb
†
−q, (3)
where j ∈ {LP,UP} and a, b are photon and exciton
annihilation operators, respectively. They provide the
Hopfield coefficients for the photon (|wj,q|2) and exciton
(|xj,q|2) fractions as well as the anomalous coefficients
(|yj,q|2, |zj,q|2) which only become comparable to the first
ones when ΩR ∼ EEX .
The eigenvalues ωj,q = {±ωLP,q,±ωUP,q} correspond
to the polariton energies to be matched with the reflec-
tivity minima. The fit parameters were the interaction
energy V , the normal-incidence cavity energy EC and the
cavity’s effective refractive index neff , the last two being
related by
Eph(q) =
√(
~cq
neff
)2
+ E2C . (4)
The fit parameters obtained for the TE- and TM-
polarized spectra are summarized in Table II.
Table II. Full Hopfield Hamiltonian fit parameters obtained
for the reflectivity data of a 350 nm cavity.
Pol. ΩR (eV) neff EC (eV)
TE 0.719± 0.004 1.57± 0.04 1.09± 0.01
TM 0.707± 0.002 1.83± 0.04 1.10± 0.01
C. Nonlinear optical characterization
Third-harmonic measurements were performed in re-
flection using an Olympus IX-81 inverted microscope.
The samples were mounted facing an Olympus LUC-
PlanFl 40× 0.6 NA objective with the correction col-
lar set to zero. A supercontinuum laser (Fianium Fem-
toPower 1060, 40 MHz) was used as the infrared light
source. The pulse duration was measured with a streak
camera (Hamamatsu C10910) and found to be 48 ps.
A different set of excitation (EX), beam splitter (BS)
and detection (DET) filters was used for each funda-
mental wavelength. All filters were purchased from
Thorlabs unless indicated otherwise. 1320 nm: (EX)
LP1250, BP1320-12, SP1500 (Edmund Optics), 1 cm
quartz cuvette with toluene; (BS) BSW29R; (DET)
SP950, BP430-20 (Chroma), 1 cm quartz cuvette with
water. 1550 nm: (EX) LP1250, LP1500, BP1550-12, 1
cm quartz cuvette with toluene; (BS) BSW29R; (DET)
SP1500. 1650 nm: (EX) LP1250, LP1500, BP1650-12;
(BS) FF538-FDi01 (Semrock); (DET) 1 cm cuvette with
toluene. The transmission of all detection filters was
measured and used to calibrate the measured powers.
The third-harmonic powers were measured with a
cooled CCD camera (Princeton Instruments, PIXIS 400B
eXcelon). The calibration procedure was performed with
a 532 nm laser (supercontinuum followed by BP532-3,
SP700, SP1500, 1 cm cuvette with toluene). The laser
was focused on a 75-nm thick silver mirror and the re-
flected light was measured at the side-port of the micro-
scope with a power meter (Thorlabs, S120VC/PM100D).
Neutral-density filters with measured transmission values
at 532 nm were inserted in the excitation path so that
the powers at the side-port of the microscope could be
adjusted in the range of 10−13 − 10−10 W.
For each power value, a series of images was acquired
with the CCD camera and the corresponding integrated
counts on two adjacent 30×30 pixel regions were ob-
tained, the first one including the laser spot and the sec-
ond one only background light. The procedure was re-
peated for different integration times and the detector re-
sponse was obtained by fitting the background-corrected
counts over the known input power to a fourth-degree
polynomial in integration time.
The CCD quantum efficiency is taken to remain con-
stant in the range of THG wavelengths from 440 nm to
550 nm. The reflection collection efficiency of the objec-
tive based on the detection solid angle was estimated to
be η = 1−cos [sin−1(NA)] = 0.2. This value only affects
absolute powers, but not the enhancement factors.
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